We are engaged in the construction of a physical map of the genome of the nematode Caenorhabditis elegans. The map will ultimately consist of a fully overlapping collection of cloned DNA fragments, insofar as this can be achieved in a reasonable period of time. The fragments are held permanently as frozen cosmid or X clones, and restriction digest data characteristic of each is placed in a computer data base so that incoming clones can be compared with old ones. The project is of necessity lengthy, and is as yet far from completion, but we hope that our experiences to date will be of some interest. Olson (1) describes a parallel project, using different methodology, on the genome of Saccharomyces cerevisiae.
At approximately 8 x 107 base pairs (bp) (2) , the genome of C. elegans is the smallest known for any metazoan. The genetic map carries some 500 known loci, and there is a large and continually increasing set of cloned genes, restriction fragment length polymorphisms, and genetic breakpoints by which the genetic and physical maps can be correlated. Many clones have been localized to chromosomal regions by in situ hybridization (3) .
The major benefit of the physical map will be immediate access to any segment of the genome that can be defined genetically. Additionally, it will be a starting point for studying the large-scale organization of the genome. However, there are two intermediate goals on the way toward the creation of the full map. The first and most important is to provide communication between the various laboratories engaged in cloning segments of the C. elegans genome. The second is the provision offlanking sequences when a segment is found to match fragments already in the data base.
Given these priorities, our first step was the choice of a suitable restriction "fingerprinting" procedure for matching clones to one another so that overlaps could be recognized. Mapping is now proceeding in two stages. In the first, clones are picked at random and compared with one another to yield a mixture of contigst (i.e., groups of clones with contiguous nucleotide sequences) and unattached clones. In the second, clones will be preselected by means of hybridization probes taken from the ends of contigs and from unattached clones, to fill the gaps.
MATERIALS AND METHODS
Bacteria. pJB8 cosmid recombinants were grown in Escherichia coli 1046 (4) . LoristB cosmids were grown in ED8767 (5) . X 2001 recombinants were grown in Q358 (6) .
Vectors. Cosmid pJB8 was as described by Ish-Horowicz and Burke (7) . The cosmid loristB, a modification of loric (8) Contig Assembly. Each clone is now compared by the computer with the entire data base, and a rank order of the most likely matches is printed out, together with additional information.
The computer does not actually assemble the contigs. This is done by an interactive program, so that we can ourselves judge the reliability ofeach match by direct comparison ofthe films. Visual alignment provides much more precision than is available in the digitized data. The program used for assembly has a variety of routines that can be called as required for making subsidiary comparisons and for annotating the clones. Fig. 3 shows the computer screen during contig assembly. The lengths of the lines are proportional not to kilobases but to number of bands (or, roughly, to number of HindIII sites). Length calculations are based on the mean size of insertfound to be about 34 kb for the cosmids. "'" signifies that additional similar clones are in the data base but are not displayed; redundant clones are buried in this way to avoid excessive clutter on the screen.
So far, there have been no obvious ambiguities resulting from repeated DNA sequences. Evidently the 10-bp specificity of each band in the fingerprint ensures that most dispersed repeats are either too short or too inaccurate to be detected in the context of a cosmid or X clone. No homology is detected between the members of gene families [e.g., myosin (16) , vitellogenin (17), collagen (18), and major sperm protein (19) ]. Large accurate tandem repeats will yield relatively abundant clones carrying fragments from within the repeat structure, together with rare clones carrying end fragments. Our one known example is the ribosomal cluster (21, 22) , though the statistics are complicated by the superior viability of ribosomal clones (see below). Small accurate tandem repeats containing HindIII sites are detected by the appearance of heavy bands in the fingerprint, and indeed two clones that yield such fingerprints have been shown to give ladder patterns on agarose gels after partial HindIII digestion. Assessment of Progress. The progress of the project is illustrated in Fig. 4 . The percentage scale in Fig. 4a is subject to the uncertainty in the estimate of genome size made by Sulston and Brenner (2), but the slope of the line showing the actual length ofDNA in contigs can be compared directly and pragmatically with what we can achieve by prior selection of clones.
To assess the situation objectively, we have made calculations of the progress expected if our clones were randomly distributed in the genome (thin lines in Fig. 4 a and b) . For this purpose, we create model data bases using the computer's random number generator. The progress curve lies below that predicted by the models, indicating that the banks we have used are not perfectly random. This can be seen by the initial excess of matches over that expected from a random system (Fig. 4a) .
To compare different banks with one another we use the assay technique shown in Fig. 5 . In the histograms each bar represents the number of bands that occur a given number of times in the data base. Bands that occur only once because they are in unattached clones are plotted at U, separately from bands that occur only once because they are in clones projecting from the ends of contigs. It is at once apparent that the real data bases (Fig. 5 a-c) contain more bands at high repetition frequencies than does the model (Fig. 5e )-in other words, the clones are distributed less evenly through the genome than would be expected by chance. To allow realistic assessment, the result of adding truly random clones to our existing data base has been modeled by another program (Fig. Sd) .
We tentatively conclude from the comparison of the EcoRI bank with the Sau3Al bank that the lack of randomness does not arise from the uneven distribution of restriction sites in Fig. 4 are derived from the same data.
Apart from the slight advantage conferred by the loristB vector, we have no direct way of overcoming the nonrandomness of the banks. Equally, however, there is no evidence as yet for segments of DNA that cannot be cloned at all. The redundancy of the clones merely means that more of them have to be examined for a given advance in the map.
The mean contig size is at present 56 kb, in close agreement with the size predicted by the random model (58 kb). There are 16 contigs of length greater than 150 kb, the largest being 360 kb, but 6 of these depend upon gaps being filled by preselection of clones. The largest contig attained by random assembly is 250 kb in size, again in good agreement with the model (230 kb-though, of course, this degree of precision is fortuitous).
CONCLUSION
We have achieved our first goal of establishing "genomic communication" among C. elegans laboratories. Of the clones that we have received, about two-thirds have been placed in contigs. In a number of places, physical linkage between pairs of such clones has thereby been established.
The nematode genome probably lies near the upper limit of size for matching by single-lane fingerprinting. This size class would include individual mammalian chromosomes. However, with some automation, the existing method could be extended to the entire genome of a higher eukaryote, provided that two or more lanes, each using a different pair of enzymes, were electrophoresed for each clone. Compared with the method of Olson (1), our method has the advantages of more sensitive pairwise matching and greater tolerance for clones from diverse sources, but it has the disadvantage of not directly generating a restriction map.
Progress towards the complete nematode map now depends upon the efficiency with which the missing pieces can be found and will increasingly become a communal effort as the "genomic walks" carried out in the various C. elegans laboratories are brought together into a common reference data base. Full connection will take a considerable time to achieve and indeed may not be practicable at all. Even near completion, however, the map will be of great value both for studying the large scale organization of the genome and for isolating and characterizing segments that cannot be readily identified in other ways.
